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(54) Interleaver/deinterleavers causing little or no dispersion of optical signals 



(57) The present invention relates to interleaved 
deinterleaver devices for combining/separating optical 
channels. An interleaver/deinterieaver is "folded" when 
an optical signal follows an optical path that passes 
through a birefringent assembly multiple times. Double- 
pass refers to optical signals following a (folded) path 
through the birefringent assembly twice. Multi-pass re- 
fers to optical signals following a (folded) path through 
the birefringent assembly multiple times. When operat- 
ing as a deinterleaver, the interleaver/deinterieaver sep- 
arates an optical signal (e.g., WDM signal) into subsets 
of optical signals (e.g., even and odd ITU channels). 
When operating as an interleave^ the interleaver/dein- 
terieaver mixes subsets of optical signals into a multi- 
plexed optical signal. The interleaver/de-interleavercan 
be used to increase the bandwidth of an optical network. 
For example, the interleaver/deinterieaver can be used 



to interface components designed for a first channel 
spacing (e.g., 100 GHz) to components designed for a 
second channel spacing (e.g., 200 GHz). Folded inter- 
leaver/deinterleavers cause dispersion because the 
speed at which the ordinary beam of an optical signal 
passes through the birefringent assembly is different 
that the speed at which the extraordinary beam of the 
optical signal passes through the birefringent assembly. 
In order to reduce or eliminate dispersion, the polariza- 
tion of the optical signal is reversed for alternating pass- 
es through the birefringent crystal. For example, if a sig- 
nal is horizontally polarized for a first pass through the 
birefringent crystal, the signal is rotated so that it is ver- 
tically polarized for a second pass through the birefrin- 
gent crystal. For a third pass through the birefringent 
assembly, the signal is rotated so that it is again hori- 
zontally polarized. 
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Description 

FIELD OF THE INVENTION 

[0001] The invention relates to optical devices. More 
particularly the invention relates to an interleaver/de in- 
terleave- having a folded design that causes little or no 
dispersion »n optical signals 

BACKGROUND OF THE INVENTION 

[0002] As telecommunications usage increases as a 
result of. for example, increased Internet usage, in- 
creased types of communications, and population 
growth, telecommunications providers are required to 
provide greater vo»cc- and data-carrying capacity. In or- 
der to reduce cost and the amount of time required to 
provide the increased capacity wavelength division mul- 
tiplexing (WDM) and den^o wavelength division multi- 
plexing (DWDM) have bcvfi developed, which provide 
increased capacity witnout requiring new fiber optic ca- 
bles. 

[0003] WDfV and DWOW technologies combine mul- 
tiple optical signa s »nto i &«nq»c f ocr by transporting dif- 
ferent signals on ditlofofit optica w.«vo ongths or chan- 
nels. Interleaving and do^k>'^i<v(nq of optical channels 
is typically accompi s*ed r*m utm optical filters. 
However, multiple Inyo *. <^ a*o required to inter- 
leave and demterieavo ^,.-»*>*r rennets which in- 
creases the cost and co~tt>n~o<j> or a component. An- 
other disadvantage of nu? ^ layers of thin film for fil- 
tering is that the thin films 3o**n over time, espe- 
cially when operating unot ? power conditions. 
[0004] What is needed >s an improved optical device 
for use with WDM and/or DVOV osteal signals. Prior 
attempts to improve opt>cai nevecs are disclosed in 
United States Patents Nos 4 b€6 761 issued January 
28, 1986 to Carlsen et al 4 63b 773 issued August 11, 
1 987 to Carlsen et at and h 6 C *4 233 issued December 
2, 1997 to Wu et al. 

SUMMARY OF THE INVEMT»QN 

[0005] Accordingly, the present invention relates to an 
inteiieaver/deinterleavcr apparatus comprising: 

a first port for inpull ny uutput:>My a first polarized 
optical signal, which co*~tpM»>e» a second optical 
signal with a first subset of channels and a third op- 
tical signal with a secend suosct of channels; 
a second port for outputtmg or inputting the second 
optical signal; 

a third port for outputtirg of inputting the third optical 
signal; 

a biref ringent assembly opt<^uy coupled to th first, 
second and third ports whereby after a first pass 
through the birefringent assembly the second signal 
exits the birefringent assemoly with a polarization 



orthogonal to th polarization of the third signal; 
a beam splitting/combining means for separating 
the first signal input from the first port into the sec- 
ond signal and the third signal, or for combining the 
second signal input from the second port with the 
third signal input from the third port into the first sig- 
nal; and 

first reflecting means for directing the second and 
third signals separately back through the birefrin- 
gent assembly for a second pass along second and 
third paths, respectively, which are substantially 
parallel to a first path taken by the first signal, for 
output via the second and third ports, respectively, 
or for reflecting the second and third signals, which 
traveled the second and third paths during a first 
pass, backtogetherthroughthe birefringent assem- 
bly for a second pass along the first path. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] The invention is illustrated by way of example, 
and not by way of limitation in the figures of the accom- 
panying drawings in which like reference numerals refer 
to similar elements. 

Figure 1 is a conceptual illustration of a conversion 
from an optical channel scheme having 100 GHz 
spacing to an optical channel scheme having 200 
GHz. 

Figure 2 is a block diagram of one embodiment of 
an optical deinterleaver for conversion from an op- 
tical channel scheme having 50 GHz spacing to an 
optical channel scheme having 200 GHz spacing. 
Figure 3 is a block diagram of one embodiment of 
an optical interleaver for conversion from an optical 
channel scheme having 200 GHz spacing to an op- 
tical channel scheme having 50 GHz spacing. 
Figure 4a is a top view of one embodiment of an 
optical interleaver/deinterleaver having a quarter 
wave mirror as a reflective element. 
Figure 4b is a side view of one embodiment of an 
optical interleaver/deinterleaver having a quarter 
wave mirror as a reflective element. 
Figure 5a is a top view of one embodiment of an 
optical interleaver/deinterleaver having multiple 
half wave plates and a quarter wave mirror as a re- 
flective element. 

Figure 5b is a side view of one embodiment of an 
optical interleaver/deinterleaver having multiple 
half wave plates and a quarter wave mirror as a re- 
flective element. 

Figure 6a is a top view of one embodiment of an 
optical interleaver/deinterleaver having multiple 
half wave plates and a 90° prism as a reflective el- 
ement. 

Figur 6b is a side view of one embodiment of an 
optical interleaver/deinterleaver having multiple 
half wave plates and a 90° prism as a reflective el- 
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ement. 

Figure 7a is a top view of one embodiment of an 
optical interieaver/deinterleaver having multiple 
half wave plates and a polarization beam splitter 
and reflective prism assembly as a reflective ele- 5 
ment. 

Figure 7b is a side view of one embodiment of an 
optical interieaver/deinterleaver having multiple 
half wave plates and a polarization beam splitter 
and reflective prism assembly as a reflective ele- 10 
ment. 

Figure 8a is a side view of an isolator structure that 
can be used with, for example, the interieaver/dein- 
terlcavers of Figures 4-7. 

Figure 8a is a cross sectional view of an isolator is 
structu'c that can be used with, for example, the in- 
tcr icaver/dctntcrlcavers of Figures 4-7. 
Figure 9a is a top view of one embodiment of an 
cpiicni inter Icnver/dcinlerleaver having a walk-off 
crystal fur relation and a quarter wave mirror as a 20 

rcflCCtrvC ClCmcH 

Figure 9b is a side view of one embodiment of an 
cptcai mtcriciivcf/dcinterleaver having a walk-off 
cryct.il tor isolation and a quarter wave mirror as a 
reflect rvc element 25 
Figure 10 is a stdc vtcw of one embodiment of a 
waiw oft crystal -oasoc isolator that can be used 
with lor caampo tho interieaver/deinterleaver of 

Fifjuro Q 

Figure 11e illustrates a top view of one embodiment 30 
cf h doutic oass loiocd interieaver/deinterleaver 
fiat causes dispersion 

Figure 11b illustrates a lop view of one embodi- 
ment cf a double-pass folded interieaver/deinter- 
leaver that causes dispersion. 35 
Figure 1 2 illustrates a side view of one embodiment 
cf the double-pass folded interieaver/deinterleaver 
of Figures 11a and 11b. 

Figure 13 illustrates a top view of one embodiment 

of a double-pass folded, dispersion-free interleaved 40 

dointcrleavcr. 

Figure 14 illustrates a side view of one embodiment 
of the double-pass folded interieaver/deinterleaver 
of Figure 13. 

Figure 15 illustrates a cross-sectional view of po- 45 
larization states of a double-pass optical interieav- 
er/deinterleaver as illustrated in Figures 13 and 14. 
Figu re 1 6a illustrates a top view of one embodiment 
of a multi-pass optical interieaver/deinterleaver that 
causes dispersion. 50 
Figure 16b illustrates a top view of one embodi- 
ment of a multi-pass optical interieaver/deinterleav- 
er causing reduced dispersion as compared to the 
interleaver/de-interleaver of Figure 1 6a. 
Figure 17a illustrates a side view of the multi-pass 55 
optical interieaver/deinterleaver of Figure 16a. 
Figure 17b illustrates a side view of the multi-pass 
optical interieaver/deinterleaver of Figure 16b. 



Figur 18aillustrat satop view of one mbodiment 
of a double-pass folded interieaver/deinterleaver 
that causes dispersion. 

Figur 18b illustrates a top view of one embodi- 
ment of a double-pass folded interieaver/deinter- 
leaver that causes little or no dispersion. 
Figure 19a illustrates representative transmission, 
delay and dispersion characteristics for an inter- 
ieaver/deinterleaver causing little or no dispersion 
for horizontally polarized optical signals passing in 
the forward direction. 

Figure 19b illustrates representative transmission, 
delay and dispersion characteristics for an inter- 
ieaver/deinterleaver causing little or no dispersion 
for vertically polarized optical signals passing in the 
forward direction. 

Figure 20a Illustrates representative transmission, 
delay and dispersion characteristics for an inter- 
ieaver/deinterleaver causing little or no dispersion 
for horizontally polarized optical signals passing in 
the backward direction. 

Figure 21 is a table summarizing one approach to 
providing reduced or no dispersion in an optical in- 
terieaver/deinterleaver. 

DETAILED DESCRIPTION 

[0007] Folded interleaver/de interleaves causing little 
or no dispersion of optical signals are described. In the 
following description, for purposes of explanation, nu- 
merous specific details are set forth in order to provide 
a thorough understanding of the invention. It will be ap- 
parent, however, to one skilled in the art that the inven- 
tion can be practiced without these specific details. In 
other instances, structures and devices are shown in 
block diagram form in order to avoid obscuring the in- 
vention. 

[0008] Reference in the specification to "one embod- 
iment" or "an embodiment" means that a particular fea- 
ture, structure, or characteristic described in connection 
with the embodiment is included in at least one embod- 
iment of the invention. The appearances of the phrase 
"in one embodiment" in various places in the specifica- 
tion are not necessarily all referring to the same embod- 
iment. 

[0009] Interieaver/deinterleaver apparatuses for 
combining/separating optical channels are described. 
An interieaver/deinterleaver apparatus is described as 
folded when an optical signal follows an optical path that 
passes through a birefringent assembly multiple times. 
Double-pass refers to the optical signal following a (fold- 
ed) path through the birefringent assembly twice. Multi- 
pass refers to the optical signal following a (folded) path 
through the birefringent assembly three or more times. 
When operating as an deint rl av r, the interleaver/ 
deint rleav r separates an optical signal (e.g., WDM 
signal) into subs ts of optical signals ( .g., channels). 
In one embodiment, deinterleaving optical signals sep- 
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arates an optical signal into v n and odd International 
Telecommunications Union (ITU) channels. 
[0010] When operating as an int rteaver, the inter- 
leaver/deinterleaver mixes subsets of optical signals (e. 
g., channels) into a multiplexed (e.g.. WDM, DWDM) op- 
tical signal. The interleaver/deinterleaver apparatus can 
be used to increase the bandwidth of an optical network. 
For example, the interleaver/deinterleaver can be used 
to interface components designed for a first channel 
spacing (e.g., 100 GHz) to components designed for a 
second channel spacing (e.g., 200 GHz). In one embod- 
iment, interleaving combines even and odd ITU chan- 
nels into a single optical signal. 
[0011] The birefringent assemblies of folded inter- 
leaver/deinterieavers cause dispersion because the 
spe d at which the ordinary beam of an optical signal 
passes through the birefringent assembly is different 
that the speed at which the extraordinary beam of the 
optical signal passes through the birefringent assembly. 
In order to reduce or eliminate dispersion of optical sig- 
nals that make two or more passes through the birefrin- 
gent assembly, the polarization of the optical signal is 
reversed for alternating passes through the birefringent 
crystal. For example, if a signal is horizontally polarized 
for a first pass through the birefringent crystal, the signal 
is rotated so that it is vertically polarized for a second 
pass through the birefringent crystal. For a third pass 
through the birefringent assembly, the signal is rotated 
so that it is again horizontally polarized. 
[0012] Figure 1 is a conceptual illustration of a con- 
version from an optical channel scheme having 100 
GHz spacing to an optical channel scheme having 200 
GHz. The conversion of Figure 1 is useful, for example, 
to allow devices designed to operate with an optical 
channel scheme having 200 GHz channel spacing to in- 
teract with other devices or a network designed to op- 
erate with an optical channel scheme having 100 GHz 
channel spacing. Conversion between 100 GHz chan- 
nel spacing and 200 GHz channel spacing allows, for 
example, network bandwidth to be increased without 
upgrading all of the devices that interact with the net- 
work. 

[0013] In one embodiment, the converter of Figure 1 
is a deinterleaver that separates an optical signal having 
ev n and odd channels (e.g., ITU channels) into a first 
optical signal including the even channels and a second 
optical signal including the odd channels. After the sig- 
nals are deinterleaved, the odd channels have a 200 
GHz spacing and the even channels have a 200 GHz 
spacing. Recombining the even and the odd channels 
into a single signal can be accomplished with an inter- 
leaver. In other words, the even and odd channels hav- 
ing 200 GHz spacing can be combined (interleaved) into 
an optical signal having 1 00 GHz signal spacing. Similar 
interleaving can be provided to convert betw en 100 
GHz spaced channels and 50 GHz spaced chann Is, as 
well as betw n other sets of channel spacing schemes. 
[0014] Figure 2 is a block diagram of one embodi- 



ment of an optical deinterleav r for conversion from an 
optical channel sch me having 50 GHz spacing to an 
optical channel scheme having 200 GHz spacing. In 
general, deinterleaver 20 includes deinterleaver 21 to 

5 convert from one set of 50 GHz spaced channels to two 
sets of 1 00 GHz spaced channels. Deinterleaver 20 also 
includes two deinterleavers (22 and 23) each of which 
convert one of the sets of 1 00 GHz spaced channels to 
two sets of 200 GHz spaced channels. Deinterleaver 20 

10 allows devices designed for 200 GHz spaced channels 
to interact with devices or networks designed for 50 GHz 
spaced channels. 

[0015] Optical fiber 28 carries a set of optical channels 
/, having 50 GHz spacing. Deinterleaver 21 separates 
15 the set of optical channels into sets of even, 2(y+ 1 ), and 
odd, 2/ + 1 , channels. The even channels are input to 
deinterleaver 23 and the odd channels are Input dein- 
terleaver 22. The even and the odd channels have 1 00 
GHz spacing. 

20 [0016] Deinterleavers 22 and 23 operate to further 
separate the set of optical channels. Conceptually, dein- 
terleaver 22 and 23 operate on the respective 1 00 GHz 
spaced channels to separate the input channels into 
"even" and "odd" channels. The sets of channels output 

25 by deinterleavers 22 and 23 have 200 GHz spacing. 
[0017] Deinterleaver 22 separates the odd channels 
into two sets of channels, odd-odd channels, 4k + 1 , out- 
put by optical fiber 24 and odd-even, 4k + 2, channels 
output by optical fiber 25. Deinterleaver 23 separates 

30 the even channels into two sets of channels, the even- 
odd, 4k + 3, channels output by optical fiber 26 and the 
even-even, 4(k + 1 ), channels output by optical fiber,27. 
[0018] The four sets of channels output by deinter- 
leaver 20 are 200 GHz spaced channels. Thus, deinter- 

35 leaver 20 can be used to interface one or more devices 
designed to operate on 200 GHz spaced channels with 
one or more devices or networks designed to operate 
on 50 GHz spaced channels. Other channel spacing can 
also be supported. 

40 [0019] Figure 3 is a block diagram of one embodi- 
ment of an optical interleaver for conversion from an op- 
tical channel scheme having 200 GHz spacing to an op- 
tical channel scheme having 50 GHz spacing. In gener- 
al, interleaver 30 includes interleaver 31 toconvertfrom 

-*5 two sets of 200 GHz spaced channels to one set of 1 00 
GHz spaced channels. Similarly, interleaver 32 converts 
from two sets of 200 GHz spaced channels to one set 
of 100 GHz channels. Interleaver 33 converts the two 
sets of 1 00 GHz spaced channels to one set of 50 GHz 

so spaced channels. Interleaver 30 allows devices de- 
signed for 200 GHz spaced channels to interact with de- 
vices or networks designed for 50 GHz spaced chan- 
nels. 

[0020] The odd-odd, 4fc+1 , channels having 200 GHz 
55 spacing ar input to interleaver 31 via optical fiber 34. 
The odd-ev n, 4k + 2, channels having 200 GHz spac- 
ing are input to interleaver 31 via optical fiber 35. Int r- 
leaver 31 interleaves the odd-odd channels and the odd- 
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even channels to generate a s t of odd, 2/+ 1 , channels 
having 100 GHz spacing. 
; [0021] The even-odd, 4k + 3, channels having 200 

GHz spacing are input to interleaver 32 via optical fiber 
36. The even-even, 4(/c+ 1 ), channels having 200 GHz 
spacing are input to interleaver 32 via optical fiber 37. 
Interleaver 32 interleaves the even-odd channels and 
the even-even channels to generate a set of even, 2(/ + 
1), channels having 100 GHz spacing. 
[0022] Interleaver 33 interleaves the even and odd 
channels to generate a set of channels, i, having 50 GHz 
spacing. Thus, interleaver 30 allows devices designed 
to operate on optical channels having 200 GHz spacing 
to interact with devices designed to operate on optical 
channels having 50 GHz spacing. Other channel spac- 
ing can also be supported, 
j [0023] Figure 4a is a top view of one embodiment of 

i an optical interleaver/deinterleaver having a quarter 

; wav mirror as a reflective element. The arrows of Fig- 

| ure 4a correspond to the interleaver/deinterleaver oper- 

I ating as a deinterieaver. In other words an optical signal 

carrying information on multiple frequencies, for exam- 
ple, a wavelength division multiplexed (WDM) signal is 
receives and separated into two optical signals, each of 
which include a predetermined subset of frequencies (e. 
g., even channels and odd channels) from the input op- 
tical signal. 

[0024] An optical signal is received through port 100. 
; In one embodiment, port 100 is a collimator assembly 

having a GRIN lens tocollimatethe light. Other types of 
lenses can also be used, or pre-collimated light can be 
received. The coJIimated light is directed to isolator 1 1 0. 
One embodiment of an isolator that can be used to pro- 
vid isolator 110 is described in greater detail below with 
respect to Figures 8a and 8b; however, other isolators 
can be used, for example, the isolator of Figure 10. 
[0025] The optical signal then passes through walk- 
off crystal 115, which separates the ordinary and ex- 
traordinary beams of the optical signal. One of the 
beams passes through half wave plate 170. Half wave 
plate 170 introduces a relative phase difference of 180° 
between the ordinary and extraordinary components of 
the optical signal. 

[0026] The collimated optical signal is directed to bi- 
refringent element 120 through an opening between 
walk-off crystal 1 60 and walk-off crystal 1 65. In one em- 
bodiment, birefringent element 120 is composed of two 
crystals, together having an optical path length L, that 
are selected to provide improved thermal stability over 
a range of operating temperatures as compared to a sin- 
gle birefringent crystal. In one embodiment, one crystal 
is a TiO z crystal and the second crystal is a YV0 4 crys- 
tal, having thicknesses to provide interleaver/deinter- 
leaver function for 100 GHz, however, other sizes can 
also b used for other channel spacing. Oth r birefrin- 
gent lements can also be used, for xample, a single 
crystal can be used if temp rat ure stability is not impor- 
tant, or other two-crystal birefringent elements can be 
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used. In one embodiment, bir fringent element 120 is 
oriented with a 45° azimuth angle; however, other azi- 
muth angles can also be used. 

[0027] The optical signal then passes through birefrin- 
5 gent element 125. In one embodiment, birefringent ele- 
ment 125 is composed of two crystals together having 
an optical path length of 2L. In one embodiment, one 
crystal is a Ti0 2 crystal and the second crystal is a YV0 4 
crystal. A single crystal birefringent element can also be 
10 used. In one embodiment, birefringent element 125 has 
an azimuth angle of-1 2°; however, other azimuth angles 
can also be used. 

[0028] The optical signal then passes to walk-off crys- 
tal 1 30 where the ordinary and the extraordinary beams 

15 are separated. The beams then pass through quarter 
wave plate 1 40 and are reflected by quarter wave mirror 
150. The combination of quarter wave plate 140 and 
quarter wave mirror 150 reduces the dispersion caused 
by the interleaver/deinter-leaver by providing orthogo- 

20 nal orientations for the optical signals passing in the for- 
ward direction and in the backward direction. An etalon 
can be used in place of quarter-wave mirror 450, to im- 
prove the isolation at the channel crossover regions and 
to eliminate any return loss caused by the quarter-wave 

25 mirror. 

[0029] Quarter wave mirror 150 reflects the optical 
signal back through walk-off crystal 130, birefringent el- 
ement 1 25 and birefringent element 1 20 to walk-off crys- 
tals 160 and 165. Walk-off crystal 165 directs an optical 

30 signal to walk-off crystal 185 and isolator 187 to port 
1 95. Similarly, walk-off crystal 1 60 directs an optical sig- 
nal to walk-off crystal 180 and isolator 182 to port 190. 
In most cases, walk-off crystals 1 60 can be replaced by 
simple reflective prisms. 

35 [0030] The effect of birefringent elements 120 and 
125, quarter wave plate 140 and quarter wave mirror 
150 is to separate (deinterieaver) sets of optical signals 
having a predetermined frequency separation, free 
spectral range (FSR). The FSR of the channels sepa- 

40 rated can be, for example, 200 GHz or 1 00 GHz as spec- 
ified by the International Telecommunications Union 
(ITU), or other FSR values (e.g., 50 GHz, 25 GHz) can 
be used. 

[0031 ] To operate as an interleaver, two sets of optical 
45 signals are Input to ports 1 90 and 1 95. The orientations 
of isolators 1 1 0, 1 82 and 1 87 are reversed as compared 
to the deinterieaver embodiment illustrated in Figure 4a. 
The two sets of optical signals are combined in a manner 
that is the reverse of the deinterieaver function de- 
50 scribed above. The combined (interleaved) optical sig- 
nal is output through port 100. Thus, the apparatus il- 
lustrated in Figure 4a can operate as an interleaver or 
as a deinterieaver. 

[0032] Figure 4b is a side view of one embodiment of 
55 an optical interleav r/d inter-leaver having a quarter 
wave mirror as a reflective I ment. As with Figure 4a, 
the arrows of Figur 4b corr spond to operation as a 
deinterieaver. The side view of Figure 4b is from the side 
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of port 190 and walk-off crystal 130. 
[0033] When operating as a deinterleaver, the optical 
signal input to the interleav r/deinterleaver travels to 
walk-off crystal 1 30 as described above with respect to 
Figure 4a. Walk-off crystal 130 offsets the optical signals 
such that when the optical signals are reflected, one set 
of optical signals pass through a first portion of walk-off 
crystal 130 and the second set of optical signals pass 
through a second portion of walk-off crystal 130. 
[0034] The two optical signals are reflected back to 
walk-off crystal 160 and walk-off crystal 165 as de- 
scribed above Walk-off crystal 1 60 and walk-off crystal 
165 shift the optical signals to be aligned with isolators 
482 and 487. respectively. The signals are output 
through ports 490 and 495. 

[0035] Figure 5a is a top view of one embodiment of 
an optical interleaver/deinterleaver having multiple half 
wave plates and a quarter wave mirror as a reflective 
element The nrr cws of Figure 5a illustrate operation as 
a dci'itct lenvct The inteileaver/deinterleaver of Figure 
5a operates in h similar manner as i nterleaver/de inter- 
leave r of figures 4* and 4b except that birefringent el- 
ements 220 and 225 nave azimuth angles of 0°. Half 
wave plates 210 220 240 and 245 are positioned as 
illustrated in F gu-e 5a 

[0036] Half wave piato 210 is positioned between re- 
flective onsms 160 and 165 and birefringent element 
220 tn ene orrb<viirron ? half wave plate 21 0 is oriented 
with an a/imuth angle of 22 5° In alternate embodi- 
ments other azimuth angles can be used. 
[0037] Half wave plate 230 is positioned between bi- 
refnngent clement 220 ana birefringent element 225. In 
one cmbocimcnt half wave plate 230 is oriented with 
an a/tmuth angle of -28 5° In alternate embodiments, 
other a/imuth angles other materials and other thick- 
nesses can be used 

[0038] Half wave plates 240 and 245 are positioned 
between birefringent clement 225 and walk-off crystal 
230 Optical signals passing from birefringent element 
225 to walk-off crystal 1 30 pass through half wave plate 
240. Optical signals passing from walk-off crystal 130 to 
birefringent element 225 pass through half wave plate 
245. In one embodiment, half wave plates 240 and 245 
are oriented with azimuth angles of-6.5° and 38.5°, re- 
spectively, in alternate embodiments, other azimuth an- 
gles, other materials and other thicknesses can be used. 
[0039] To operate as an interleaver, two sets of optical 
signals are input to ports 1 90 and 1 95. The orientations 
of isolators 11 0, 1 82 and 1 87 are reversed as compared 
to the deinterleaver embodiment illustrated in Figure 4a. 
The two sets of optical signals arecombined in a manner 
that is the reverse of the deinterleaver function de- 
scribed above. The combined (interleaved) optical sig- 
nal is output through port 100. Thus, the apparatus il- 
lustrated in Figure 4a can operate as an interleaver or 
as a deinterleaver. 

[0040] Figure 5b is a side view of one embodiment of 
an optical interleaver/deinter-leaver having multiple half 



wave plates and a quart r wave mirror as a reflective 
element. As with Figure 5a, th arrows of Figure 5b cor- 
respond to op ration as a deinterleaver. The side view 
of Figure 5b is from the side of port 190 and walk-off 

5 crystal 1 30. 

[0041] When operating as a deinterleaver, the optical 
signal input to the interleaver/deinterleaver travels to 
walk-off crystal 130 as described above with respect to 
Figure 5a. Walk-off crystal 1 30 offsets the optical signals 

10 such that when the optical signals are reflected, one set 
of optical signals passes through a first portion of walk- 
off crystal 130 and the second set of optical signals 
passes through a second portion of walk-off crystal 1 30. 
[0042] The two optical signals are reflected back to 

15 reflective prism 160 and reflective prism 165 as de- 
scribed above. Reflective prisms 160 and 165 shift the 
optical signals to be aligned with isolators 1 82 and 1 87, 
respectively. The signals are output through ports 190 
and 195. 

20 [0043] Figure 6a is a top view of one embodiment of 
an optical interleaver/deinterleaver having multiple half 
wave plates and a 90° prism 260 as a reflective element. 
The remaining components of the interleaver/deinter- 
leaver are the same as Figures 5a and 5b. In an alter- 

25 nate embodiment the remaining components of the in- 
terleaver/deinterleaver can be the same as Figures 4a 
and 4b. Figure 6b is a side view of one embodiment of 
an optical interleaver/deinterleaver having multiple half 
wave plates and a 90° prism 260 as a reflective element. 

30 [0044] Figure 7a is a top view of one embodiment of 
an optical interleaver/deinterleaver having multiple half 
wave plates and a polarization beam splitter and reflec- 
tive prism assembly as a reflective element 270. The 
remaining components of the interleaver/de-interleaver 

35 are the same as Figures 5a and 5b. In an alternate em- 
bodiment the remaining components of the interleaver/ 
deinterleaver can be the same as Figures 4a and 4b. 
Figure 7b is a side view of one embodiment of an optical 
interleaver/deinterleaver having multiple half wave 

40 plates and a polarization beam splitter and reflective 
prism assembly 270 as a reflective element. 
[0045] Figure 8a is a side view of an isolator structure 
that can be used with, for example, the interleaver/dein- 
terleavers of Figures 4-7. In general, the isolator of Fig- 

45 ure 8a allows optical signals to pass in one direction and 
separates optical signal passing In the opposite direc- 
tion. The angle at which the optical signals are separat- 
ed is determined by the angles of wedges 281 and 283. 
[0046] In one embodiment, wedges 281 and 283 and 

50 garnet 282 are disposed within casing 280 that is a per- 
manent magnet. In alternate embodiments, casing 280 
generates an electrically controlled magnetic field. In 
one embodiment, garnet 282 is a 45° garnet that causes 
a 45° rotation in the polarization of the optical signals 

55 that pass through garnet 282. 

[0047] In one embodiment, wedges 281 and 283 hav 
wedge angles in the range of 5° to 25° ( .g., = 1 0°). In 
one embodiment, wedges 281 and 283 are made of 
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YV0 4 ; however, other materials can also be used. 
Wedges 281 and 283 have predetermined angles be- 
tween th x-axis and the y-axis. In one embodiment, 
wedge 281 has an angle of 22.5° and wedge 283 has 
an angle of-22.5°. In alternate embodiments, other an- 
gles can be used. Figure 8b is a cross sectional view 
of an isolator structure that can be used with, for exam- 
ple, the interleaver/deinterteavers of Figures 4-7. 
[0048] Figure 9a is a top view of one embodiment of 
an optical interleaver/deinterleaver having a walk-off 
crystal for isolation and a quarter wave mirror as a re- 
flective element. The arrows of Figure 9a correspond to 
the interleaver/deinterleaver operating as a deinterleav- 
er. 

[0049] An optical signal is received through port 300. 
In one embodiment, port 300 is a collimator assembly 
having a GRIN lens tocollimate the light. Other types of 
lenses can also be used, or pre-col II mated light can be 
received. The colli mated light is directed to walk-off 
crystal isolator 310. One embodiment of a walk-off crys- 
tal isolator that can be used to provide isolator 310 is 
described in greater detail below with respect to Figure 
10. 

[0050] The collimated optical signal is directed to half 
wave pi ate 320 through an opening between reflective 
prism 1 60 and reflective prism 1 65. In one embodiment, 
half wave plate 320 is oriented with an azimuth angle of 
22.5°; however, other azimuth angles can also be used. 
[0051] The optical signal then passes to birefringent 
element 325. In one embodiment, birefringent element 
325 is composed of two crystals, together having an op- 
tical path length of L, that are selected to provide im- 
proved thermal stability over a range of operating tem- 
peratures as compared to a single birefringent crystal. 
In one embodiment, one crystal is a Ti0 2 crystal and the 
second crystal is a YV0 4 crystal; however, other crystals 
can also be used. Other birefringent elements can also 
be used, for example, a single crystal can be used if tem- 
perature stability is not important, or other two-crystal 
birefringent elements can be used. In one embodiment, 
birefringent element 325 is oriented with a 0° azimuth 
angle; however, other azimuth angles can also be used. 
[0052] The optical signal then passes through half 
wave plate 330. In one embodiment, half wave plate 330 
is oriented with an azimuth angle of-28.5°. in alternate 
embodiments, other thicknesses, materials and/or azi- 
muth angles can also be used. 

[0053] The optical signal then passes through birefrin- 
gent element 335 having an optical path length of 2L. In 
one embodiment, birefringent element 335 is composed 
of a 710 2 crystal and the second crystal is a YV0 4 crys- 
tal; however, other sizes can also be used. Other bire- 
fringent elements can also be used, for example, a sin- 
gle crystal can be used, or other two-crystal birefringent 
lements can be used. In one mbodim nt, birefringent 
element 335 has an azimuth angle of 0°; however, oth r 
azimuth angles can also be used in combination with 
changes with other azimuth angles. 



[0054] The optical signal th n passes through half 
wave plates 340 and 342. In one embodiment, half wave 
plate 340 has an azimuth angle of-6.5° and half wave 
plate 342 has an azimuth angle of 38.5°; however, other 

5 azimuth angles can be used. The optical signal then 
passes to walk-off crystal 345 where the ordinary and 
the extraordinary beams are separated. The beams 
then pass through quarter wave plate 350 and are re- 
flected by quarter wave mirror 360. 

10 [0055] Quarter wave mirror 360 reflects the optical 
signal back through walk-off crystal 340, birefringent el- 
ements 335 and 325 and half wave plates 340, 342, 330 
and 320 to reflective prisms 370 and 375. Reflective 
prism 370 directs an optical signal to walk-off crystal 380 

is to port 390. Similarly, reflective prism 375 directs an op- 
tical signal to walk-off crystal 385 to port 395. 
[0056] To operate as an interleave^ two sets of optical 
signals are input to ports 390 and 395. The two sets of 
optical signals are combined in a manner that is the re- 

20 verse of the deinterleaver function described above. 
The combined (interleaved) optical signal is output 
through port 300. Thus, the apparatus illustrated in Fig- 
ure 9a can operate as an interleaver or as a deinterleav- 
er. 

25 [0057] Figure 9b is a side view of one embodiment of 
an optical interleaver/de-interleaver having a walk-off 
crystal for isolation and a quarter wave mirror as a re- 
flective element. The side view of Figure 4b is from the 
side of port 390 and walk-off crystal 380. 

30 [0058] When operating as a deinterleaver, the optical 
signal input to the interleaver/deinterleaver travels to 
walk-off crystal 345 as described above with respect to 
Figure 9a. Walk-off crystal 345 offsets the optical signals 
such that when the optical signals are reflected, one set 

35 of optical signals passes through a first portion of walk- 
off crystal 345 and the second set of optical signals 
passes through a second portion of walk-off crystal 345. 
[0059] The two optical signals are reflected back to 
reflective prisms 370 and 375 as described above. Re- 

40 flective prisms 370 and 375 shift the optical signals to 
be aligned with isolators 380 and 385, respectively. The 
signals are output through ports 390 and 395. 
[0060] The effect of birefringent elements 325 and 
335, half wave plates 320, 330, 340 and 342, quarter 

45 wave plate 350 and quarter wave mirror 360 is to sep- 
arate (deinterleaver) sets of optical signals having a pre- 
determined FSR. The FSR of the channels separated 
can be, for example, 200 GHz or 1 00 GHz as specified 
by the ITU, or other FSR values (e.g., 50 GHz, 25 GHz) 

50 can be used. 

[0061 ] Figure 1 0 is a side view of one embodiment of 
a walk-off crystal-based isolator that can be used with, 
for example, the interleaver/deinterleaver of Figure 9. 
Using the isolator of Figure 1 0, reflected signals are not 

55 reflect d to the original input position. The signal paths 
illustrated in the isolator of Figur 10 correspond to iso- 
lator 310 of Figures 9a and 9b. Isolators 380 and 385 
operate in a similar manner. 
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[0062] As an input signal nt rs walk-off crystal 392, 
the ordinary and the extraordinary components of th 
input signal are separated. When the signal exits walk- 
off crystal 392, the ordinary beam and the extraordinary 
beam are separated by a distance that is determined by 5 
the physical characteristics of walk-off crystal 392. 
[0063] The ordinary beam and the extraordinary 
beam pass through garnet (faraday rotator) 394. In one 
embodiment, garnet 394 is a 45° garnet. Garnet 394 
provides 90° rotation of optical signals in the forward di- 10 
rection and 0° rotation of optical signals in the backward 
direction. The ordinary beam and the extraordinary 
beam then pass through half wave plate 396. Half wave 
plate 396 introduces a relative phase difference of 180° 
between the ordinary and extraordinary beams. *5 
[0064] The ordinary and the extraordinary beam then 
pass through walk-off crystal 397, which offsets the 
beams in a predetermined manner. In one embodiment, 
one of the ordinary and the extraordinary beams passes 
through half wave plate 398. The ordinary and extraor- 20 
dinary beams can then be passed through other optical 
components, for example, the components of the inter- 
leave r/deinterleaver of Figures 9a and 9b. 
[0065] For isolator 310, the optical signals following 
the backward path represent, for example, even and 25 
odd ITU channels. As the signals pass through walk-off 
crystal 397 the ordinary and the extraordinary compo- 
nents are separated. The signals then pass through half 
wave plate 396 and garnet 394. The ordinary and the 
extraordinary components of the signals are recom- 30 
bined by walk-off crystal 392. 

[0066] Figure 11a illustrates atop view of one embod- 
iment of a double-pass folded interleaver/deinterleaver 
that causes dispersion. The arrows of Figure 1 1 a corre- 
spond to the double-pass folded interleaver/deinterleav- 35 
er operating as a deinterleaver. In other words an optical 
signal carrying information on multiple frequencies, for 
example, a wavelength division multiplexed (WDM) sig- 
nal is received and separated into two optical signals, 
each of which include a predetermined subset of fre- 40 
quencies (e.g., even channels and odd channels) from 
the input optical signal. 

[0067] The cause of the dispersion is described in 
greater detail below. As a brief overview, the optical sig- 
nal is horizontally polarized prior to the first pass through 45 
the birefringent assembly. The even and the odd chan- 
nels are separated by the half wave ptates and the bi- 
refringent assembly, during the first pass. The signals 
are then reflected and rotated for a second pass through 
the birefringent assembly. The birefringence of the bire- so 
fringent assembly causes dispersion of the optical sig- 
nal. 

[0068] An optical signal is received through port 400. 
In one embodiment, port 400 is a collimator assembly 
having a GRIN I ns to collimate th light and a walk-off 55 
crystal to separate th horizontally polarized and the 
vertically polarized components of the optical signal. 
Other types of lenses can also be used, or pre-collimat- 



d light can be received. Port 400 receives an optical 
signal via an optical fiber and collimates the optical sig- 
nal with the GRIN lens. 

[0069] In on embodiment, port 400 also includes half 
wave plate 402 to rotate either the vertically polarized 
component or the horizontally polarized component of 
the optical signal. In one embodiment, half wave plate. 
402 has an azimuth angle of 45° with respect to an op- 
tical signal received by port 400 from optical fiber 404. 
In one embodiment, the walk-off crystal of port 400 off- 
sets the vertically polarized component of the optical 
signal and half wave plate 402 causes the vertically po- 
larized component to be horizontally polarized such that 
both components are horizontally polarized when the 
components pass through polarizer 405. 
[0070] The collimated optical signal is directed to po- 
larizer 405 through an opening between walk-off crystal 
480 and walk-off crystal 482. In one embodiment, polar- 
izer 405 provides polarization in the range of 0° to 15° 
(e.g., 2.6°) for optical signals passing from port 400 to 
birefringent assembly 420, however, other polarizations 
can be provided based on, for example, the azimuth an- 
gles of one or more half wave plates. 
[0071] After passing through polarizer 405, the optical 
signal is directed to birefringent assembly 420. In one 
embodiment, birefringent assembly 420 is composed of 
crystals 424 and 426 that are selected to provide Im- 
proved thermal stability over a range of operating tem- 
peratures as compared to a single birefringent crystal. 
In one embodiment, crystal 424 is a Ti0 2 crystal having 
a thickness of 2 mm, and crystal 426 is a YV0 4 crystal 
having a thickness of 9.5 mm; however, other sizes can 
also be used. Other birefringent assemblies can also be 
used, for example, a single crystal can be used if tem- 
perature stability is not important, or other two-crystal 
birefringent assemblies can be used. 
[0072] After passing through birefringent assembly 
420, the optical signal is reflected by reflective element 
450. In one embodiment, reflective element 450 is a 90° 
reflecting crystal; however, other reflective elements 
can be used based on, for example, the physical layout 
of the interleaver/deinterleaver. In one embodiment, the 
face(s) through which the optical signal is received and/ 
or reflected has a low-order compensator 440 and 442 
(see Fig 16a) to compensate for phase shift In the re- 
spective crystals. In alternate embodiments, the low-or- 
der compensator can be omitted. 
[0073] The optical signal reflected by reflective ele- 
ment 450 is directed through birefringent assembly 420 
to reflective element 452. After being reflected by reflec- 
tive element 452, the optical signal passes through half 
wave plate 430. In one embodiment, half wave plate 430 
is oriented with the an azimuth angle in the range of 0° 
to -15° (e.g., -6.5°) for optical signals passing from bire- 
fringent assembly 420 to reflectiv lement 450. Other 
azimuth angles for half wave plat 430 can be used for 
different filt ring characteristics or physical configura- 
tions. Half wave plate 430 introduces a relative phase 
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difference of 180° between the ordinary and extraordi- 
nary components of the optical signal. 
[0074] After passing through birefringent ass mbly 
420 as reflected by reflectiv lement 452, the optical 
signal passes through half wave plate 434 and tuning 
plate 435. In one embodiment, half wave plate 434 has 
an azimuth angle is in the range of 15° to 30° (e.g., 
22.5°) for optical signals passing from to birefringent as- 
sembly 420 to walk-off crystal 460. Other azimuth an- 
gles for half wave plate 434 can be used for different 
filtering characteristics or physical configurations. Other 
suitable means of rotating the polarization of the optical 
signals can also be used, e.g. Faraday rotators. 
[0075] Tuning plate 435 is used to tune the interleav- 
er/deinterleaver. The thickness of tuning plate 435 is 
chosen to center the passbands of the interleaver/dein- 
terleaver around desired frequencies. By selecting the 
appropriate thickness and optical-axis orientation, the 
tuning plate can be used to tune the optical device to a 
precision that is unavailable through manufacturing 
specifications and tolerances of the components of the 
optical device alone. In one embodiment tuning plate 
435 is made of quartz (Si0 2 ); however, other suitable 
materials can be used. Quartz has a relatively small bi- 
refringence, therefore tuning plates made with quartz 
can be thicker, and manufactured more precisely than 
the components of the optical devices. AN of the inter- 
leavers/deinterleavers described herein can be tuned 
with tuning plates; however for simplicity only those in 
Figs. 11 , 12, 13 and 14 are illustrated with tuning plates 
435. 

[0076] When the optical signal is traveling from bire- 
fringent assembly 420, the optical signal passes be- 
tween half wave plates 436a and 436b. One configura- 
tion for half wave plates 436a and 436b is described in 
greater detail below with respect to Figure 12. In one 
embodiment, the azimuth angle of half wave plates 436a 
and 436b are in the range of 40° to 50° (e.g., 45°) for 
optical signals passing from walk-off crystal 460 to bire- 
fringent assembly 420; however, the azimuth angle can 
be different with appropriate changes to the azimuth an- 
gles of one or more other half wave plates and/or polar- 
izer 405. 

[0077] The optical signals pass through half wave 
plate 470 and are reflected by quarter wave mirror 472. 
In one embodiment, theazimuth angle of half wave plate 
470 is in the range of 40° to 50° (e.g., 45°) for optical 
signals passing from walk-off crystal 460 to quarter 
wav mirror 472; however, the azimuth angle can be dif- 
ferent with appropriate changes to the azimuth angles 
of one or more other half wave plates and/or polarizer 
405. The effect of walk-off crystal 460 is described in 
greater detail below with respect to Figure 12. Quarter 
wavemirror472 reflects the optical signals back through 
walk off crystal 460. Quarter wave mirror 472 also intro- 
duces a phase shift of 90° to the ordinary and xtraor- 
dinary components of the optical signal. 
[0078] Half wave plates 436a and 436b rotate the op- 
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tical signal components to an orthogonal polarization. 
After passing through half wave plates 436a and 436b, 
th optical signals pass through birefringent assembly 
420, through half wave plate 430, and are reflected by 
reflective element 452 through half wave plate 432 to 
reflective element 450. Reflective element 450 reflects 
the signals through birefringent assembly 420, and po- 
larizer 405 to walk-off crystals 480 and 482. Walk-off 
crystals 480 and 482 direct the optical signals to ports 
490 and 492, respectively. 

[0079] Port 490 includes half wave plate 496, and port 

492 includes half wave plate 494. In one embodiment, 
both half wave plate 494 and half wave plate 496 have 
azimuth angles of 45° with respect to optical signals re- 
ceived from walk-off crystal 482 and walk-off crystal 
480, respectively. Half wave plate 494 and 496 rotate 
the optical components received such that ports 492 
and 490, respectively, each receive a vertically polar- 
ized component and a horizontally polarized compo- 
nent, which are combined and directed to optical fibers 

493 and 495, respectively. 

[0080] The interleaver/deinterleaver of Figure 11a 
has two sources of dispersion. The first source of dis- 
persion is birefringent assembly 420. During the first 
pass through birefringent assembly 420, both the ordi- 
nary and the extraordinary beams of the optical signal 
are horizontally polarized. During the first pass through 
the birefringent assembly one of the beams travels fast- 
er than the other beam, which causes dispersion. During 
the second pass through the birefringent assembly, the 
same beam travels faster, which increases the disper- 
sion. In other words, double-pass interleaver/de-inter- 
leavers cause twice the dispersion of a single-pass in- 
terleaver/deinterleaver. 

[0081] The second source of dispersion is unequal 
optical path lengths for the ordinary and extraordinary 
beams. In Figure 11a, the extraordinary beam is illus- 
trated with a dashed line. In each of the walk-off crystals 
in ports 400, 490 and 492, the extraordinary beam has 
a longer optical path length than the ordinary beam. This 
is referred to as polarization mode dispersion (PMD). 
[0082] For the optical device of Figure 1 1 a to operate 
as an interleaver, two sets of optical signals are input to 
ports 490 and 492. The two sets of optical signals are 
combined in a manner that is the reverse of the deinter- 
leaver function described above. The combined (Inter- 
leaved) optical signal is output through port 400. Thus, 
the apparatus illustrated in Figure 4 can operate as an 
interleaver or as a deinterleaver. 

[0083] In one embodiment, the interleaver/deinter- 
leaver of Figure 1 1 a is angle tuned to compensate for 
manufacturing tolerances. In one embodiment, angle 
tuning is accomplished by rotating birefringent assem- 
bly 420 after the interleaver/deinterleaver has been as- 
sembled so that the signals (e.g., ITU chann Is) inter- 
leaved or deinterleaved match th desir d charact ris- 
tics. Birefringent ass mbly 420 is rotated to increase th 
optical path length of the signals passing through bire- 
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fringent assembly 420. Tuning plates, e.g. tuning plate 
435, can also be provided to enable fine tuning of the 
apparatus. When the desired optical path length is pro- 
vided, biref ringent assembly 420 is maintained in the de- 
sired position through, for example, use of epoxy or sol- s 
dering techniques. 

[0084] Figure 11b illustrates atop view of one embod- 
iment of a double-pass folded interleaver/deinterleaver 
that causes dispersion. The interleaver/deinterleaver of 
Figure 11b operates in the same manner as the inter- 10 
leaver/deinterleaver of Figure 11a, except that the opti- 
cal path lengths for the ordinary and extraordinary 
beams are equal. In the deinterleaver input port 400, the 
walk-off crystal causes the extraordinary beam to have 
a greater optical path length than the ordinary beam. In is 
the deinterleaver output ports 490 and 492, the walk-off 
crystals cause the ordinary beam to have a greater op- 
tical path length than the extraordinary beam. When op- 
rating as an interleaver, the input and output ports have 
reverse roles as compared to those described above for 20 
the deinterleaver. A second tuning plate 435 is also pro- 
vided adjacent the birefringent assembly 420 to enable 
added adjustment of the device. 
[0085] Figure 12 illustrates a side view of one embod- 
iment of the double-pass folded interleaver/deinterleav- 25 

r of Figures 11a and 11b. The side view of Figure 12 is 
from the side of port 490 and walk-off crystal 460. 
[0086] When operating as a deinterleaver, the optical 
signal input to the interleaver/deinterleaver travels 
through birefringent assembly 420 to half wave plate 30 
430 and walk-off crystal 460 as described above with 
respect to Figures 1 1 a and 11b. Walk-off crystal 460 off- 
sets the optical signals such that when the optical sig- 
nals are reflected, one set of optical signals passes 
through half wave plate 436a and the second set of op- 35 
tical signals passes through half wave plate 436b. 
[0087] The two optical signals are reflected back to 
walk-off crystal 480 and walk-off crystal 482 as de- 
scribed above. Walk-off crystal 480 and walk-off crystal 
482 shift the optical signals to be aligned with ports 490 40 
and 492. The signals are output through ports 490 and 
492. 

[0088] The polarization states of the optical signals 
are described in greater detail below. In one embodi- 
ment, vertically polarized signals are offset by walk-off 45 
crystal 460 while horizontally polarized signals are 
passed without change to the optical path. In Figure 12, 
the signals passing through and from walk-off crystal 
460 are labeled with polarizations (e.g., "H", M V") for pur- 
poses of explanation. Other embodiments can be pro- so 
vid d. 

[0089] In one embodiment, after passing through bi- 
r fringent assembly 420 a sufficient number of times, 
ven channels are vertically polarized and odd channels 
are horizontally polariz d. Half wave plate 470 causes ss 
a 90° rotation as the beams pass from left to right, quar- 
ter wav mirror causes another 90° rotation and half 
wave plate 470 causes a 90° rotation as the beams pass 



from right to left for a total of 270* of rotation, which es- 
sentially switches the polarization of the even and odd 
channels (i.e., odd channels are vertically polarized and 
even channels are horizontally polarized). Half wave 
plates 436a and 436b cause a 90° rotation for the re- 
spective beams. Thus, the combination of walk-off crys- 
tal 460, half wave plate 470, quarter wave mirror 472 
and half wave plates 436a and 436b result in a 360° 
rotation of the beams, which means that the second 
pass through birefringent assembly 420 the beams have 
the same polarization as the first pass. 
[0090] To operate as an interleaver, two sets of optical 
signals are input to ports 490 and 492. The two sets of 
optical signals are combined in a manner that is the re- 
verse of the deinterleaver function described above. 
The combined (interleaved) optical signal is output 
through port 400. Thus, the apparatus Illustrated in Fig- 
ures 11a and 11b can operate as an interleaver or as a 
deinterleaver. 

[0091] Figure 13 illustrates a top view of one embod- 
iment of a double-pass folded, dispersion-free interleav- 
er/deinterleaver. The interleaver/deinterleaver of Figure 
1 3 operates in the same manner as the interleaver/dein- 
terleaver of Figure 11b, except that the even and odd 
channels each have a first polarization (e.g. , even chan- 
nels are vertically polarized and odd channels are hori- 
zontally polarized) as a result of passing through bire- 
fringent assembly 420. Prior to a return passage through 
birefringent assembly 420, the even and odd channels 
have the reverse polarization (e.g., even channels are 
horizontally polarized and even channels are vertically 
polarized). 

[0092] As the beams pass through walk-off crystal 
460 and half wave plate 470 to quarter wave mirror 472 
and are reflected back through half wave plate 470 and 
walk-off crystal 460, a combined 270° of rotation occurs, 
which switches the polarizations of the even and odd 
channels. Because half wave plates 436a and 436b are 
absent, the polarizations of the even and odd channels 
have a different polarization. As described in greater de- 
tail below, the dispersions of the first pass and the sec- 
ond pass offset to result in a dispersion-free or nearly 
dispersion-free interleaver/deinterleaver. 
[0093] Figure 14 illustrates a side view of one embod- 
iment of the double-pass folded Interleaver/deinterleav- 
er of Figure 13. Because half wave plates 436a and 
436b of the interleaver/deinterleavers of Figures 11a 
and 1 1 b are absent, the interleaver/deinterleaver of Fig- 
ure 13 causes significantly less dispersion than the in- 
terleaver/deinterleavers of Figures 11a and 11b. 
[0094] Figure 15 illustrates a cross-sectional view of 
polarization states of a double-pass optical interleaver/ 
deinterleaver as illustrated in Figures 13 and 14. With 
respect to Figure 15, a forward pass cross-sectional 
view refers to an illustration of the polarization states of 
one or more optical signals as th signal(s) pass from 
the input port(s) to quarter wave mirror 472. A backward 
pass cross-sectional view refers to an illustration of the 
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polari/atior states of one or more signals as the signal 
(s) pass from quarter wave mirror 472 to the output port 

(s>. 

[0095] State 800 represents the input/output ports 
400. 490 and 492 of Figures 13 and 14 having input/ 
output signals 800 . 890 and 892. respectively. The input 
and output poi receive and send, respectively, optical 
signals having both horizontal and vertical components. 
The arrows of Figure 15 indicate the polarization state 
sequence for a dcintcrleaver. 

[0096] State 810 is the forward pass cross-sectional 
view of input optical signal 880 between walk-off crystals 
480 and 482 and polarizer 405. In one embodiment, in- 
put port 400 includes a walk-off crystal to separate the 
input signal into two ocams and a half wave plate to ro- 
tate one of the beams 90* so that both beams are hor- 
izontally poiari/cd 

[0097] State 820 is tfc forward pass cross-sectional 
view of output opi»c«! bKjn*ti> 690 and 692 between bi- 
refringent assembly 420 **hJ tuning plate 435. In state 
820 output opt»cal sign* 8<<0 r>as rwo vertically polarized 
components and output opt«c*i signal 892 has two hor- 
izontally poian/cd components in one embodiment, the 
vertically polan/cd component: correspond to even 
channels and the ton/ori^i y pour^/od components 
correspond to odd channel i-> *iom,«to embodiments, 
the vertically polari/cd components correspond to odd 
channels and the vpn*-*^ rv**n/o<i components cor- 
respond to even channel 

[0098] State 830 is trc iona*'3 pnss cross-sectional 
view of the output optoii s*rv*. and 892 between 
walk-off crystal 460 an 3 r\*r? cmwo putc 470. In state 
830, the vertical component* of outp jt optical signal 890 
have been offset by waiu of? cyst*! 460 State 840 is 
the backward pass cross sect on* 1 v cw of output optical 
signals 890 and 892 between naif wave 470 and walk- 
off crystal 460. In state 8^0 botn components of both 
output optical signals have been rotated 90° by quarter 
wave mirror 472. 

[0099] State 850 is the b*cin*ard pass cross-section- 
al view of output optical signals 890 and 892 between 
tuning plate 435 and bircfrmgcrt assembly 420. Both 
components of output opt«xi s*qnai 892 have been shift- 
ed by walk-off crystal 460 I nc components have the 
opposite polarization as compared to the first pass 
through tuning plate 435 

[01 00] Stale 860 is inc.* b-tcfcwm U pass cross-section- 
al view of output optical s»gn*b 890 and 892 between 
polarizer 405 and walk-off crystals 480 and 482. Both 
output optical signals 890 and 892 have two horizontally 
polarized components that nrc aligned with walk-off 
crystals 480 and 482. respectively 
[01 01 ] State 870 is the backward pass cross-section- 
al view of output optical signals 8^0 and 892 between 
walk-off crystals 480 and 482 and ports 492 and 490. 
Walk-off crystals 480 and 482 orovido o'f set to align out- 
put optical signals 880 and 882 with ports 490 and 492, 
respectively. 



[0102] Figur 16a iilustrat s a top view of one em- 
bodim nt of a multi-pass optical interleaver/deinterleav- 
er that causes dispersion. In the multi-pass optical in- 
terleave r/de interleave r of Figure 1 6a, the optical signals 

5 make the first pass through the interleaver/deinterleaver 
to quarter wave mirror 472 in the same manner as with 
the interleaver/deinterleaver of Figure 11a. 
[0103] Quarter wave mirror 472 reflects the signals 
back thorough birefringent assembly 420 in the same 

10 manner as the interleaver/deinterleaver of Figure 11a 
except that rather than being received and offset by walk 
off crystals 480 and 482, the optical signals pass 
through half wave plate 410 and polarizer 405, and are 
reflected by quarter wave mirrors 780. Quarter wave 

15 mirrors 780, and half wave plates 405 and 410 rotate 
the optical signals. The optical signals are reflected back 
through birefringent assembly 420 In a similar manner 
as described above through half wave plates 436a and 
436b to ports 790 and 792. Dispersion is caused in the 

20 same manner as the interleaver/deinterleaver of Figure 
11a. 

[0104] Ports 790/792 (port 792 is behind port 790 and 
therefore obscured in the illustration of Figure 16a) in- 
clude half wave plates 794/796, respectively. In one em- 

25 bodiment, both half wave plate 794 and half wave plate 
796 have azimuth angles of 45° with respect to optical 
signals received from walk-off crystal 460. Half wave 
plates 794 and 796 rotate the optical components re- 
ceived such that ports 792 and 790, respectively, each 

30 receive a vertically polarized component and a horizon- 
tally polarized component, which are combined and di- 
rected to optical fibers. 

[01 05] To operate as an interleave^ two sets of optical 
signals are input to ports 790 and 792. The two sets of 

35 optical signals are combined in a manner that is the re- 
verse of the deinterleaver function described above. 
The combined (interleaved) optical signal is output 
through port 400. Thus, the apparatus illustrated in Fig- 
ure 1 6a can operate as an interleaver or as a deinter- 

40 leaver. 

[0106] In one embodiment, the interleaver/deinter- 
leaver of Figure 16a is angle tuned to compensate for 
manufacturing tolerances. In one embodiment, angle 
tuning is accomplished by rotating birefringent assem- 

45 bly 420 after the interleaver/deinterleaver has been as- 
sembled so that the signals (e.g., ITU channels) inter- 
leaved or deinterleaved match the desired characteris- 
tics. Birefringent assembly 420 is rotated to increase the 
optical path length of the signals passing through bire- 

50 fringent assembly 420. When the desired optical path 
length is provided, birefringent assembly 420 is main- 
tained in the desired position through, for example, use 
of epoxy or soldering techniques. 
[01 07] Low order compensators 440 and 442 are pro- 

55 vided to compensate for phase shift in the reflective el- 
ements 450 and 452, respectively. If the reflective ele- 
ments do not cause a phase shift the compensators 440 
and 442 can be omitted. 
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[0108] Figure 16b illustrates a top view of one em- 
bodiment of a multi-pass optical interleaver/deinterleav- 
er causing reduced dispersion as compared to the in- 
t rleaver/de-interieaver of Figure 16a. Because optical 
signals make three passes through the interieaver/dein- 
terleaver of Figure 16a, the resulting dispersion to the 
optical signals is three times the dispersion to an optical 
signal that makes a single pass through the device for 
the reasons described above. 

[0109] Figure 17a illustrates a side view of the multi- 
pass optical interleaver/deinter-ieaverof Figure 16a. As 
mentioned above, the optical signals make the first pass 
through the interleaver/deinterteaver to quarter wave 
mirror 472 in the same manner as with the interleaved 
deinterleaver of Figure 11a. 

[01 1 0] Walk-off crystal 460 offsets the optical signals 
and quarter wave mirrors 780 reflect the optical signals 
back through birefringent assembly 420 as described 
above. The optical signals are reflected back through 
bir fringent assembly 420 in a similar manner as de- 
scribed above to walk-off crystals 890 and 892. which 
offset optical signals to ports 790 and 792, respectively. 
[0111] Figure 17b illustrates a side view of the multi- 
pass optical interleaver/deinter-leaver of Figure 16b. 
Because the polarization of the optical signals that pass 
through the interleaver/deinterleaver of Figures 1 6b and 
17b is reversed for each pass through the device, the 
dispersion of the optical signal is equal to the dispersion 
caused by a single pass through the interleaver/deinter- 
leaver. As a general matter, signals that make an even 
number of passes through the interleaver/deinterleaver 
hav little or no dispersion and signals that make an odd 
number of passes through the interleaver/deinterleaver 
have the dispersion of a single pass through the inter- 
leaver/deinterleaver. 

[01 1 2] Figure 1 8a illustrates atop view of one embod- 
iment of a double-pass folded interleaver/deinterleaver 
that causes dispersion. The interleaver/deinterleaver of 
Figure 15a includes the same components (e.g., reflec- 
tive elements, half wave plates, birefringent assembly) 
as the interleaver/deinterleaver of Figure 11a with the 
addition of reflective elements 800 and 810 and half 
wave plates 433 and 431 . In one embodiment, half wave 
plate 433 has an azimuth angle of 22.5° for optical sig- 
nals passing form reflective element 450 to birefringent 
assembly 420 and half wave plate 431 has an azimuth 
angle of 22.5° for optical signals passing from reflective 

lement 800 to birefringent assembly 420. 
[0113] In one embodiment, the components are ar- 
ranged in different physical positions for the interleaved 
deinterleaver of Figure 1 8a compared to the interleaved 
deinterleaver of Figure 11 a to provide similar function- 
ality. The interleaver/deinterleaver of Figure 18a pro- 
vid s improved filtering as compared to Figure 11a be- 
cause optical signals ar passed through birefringent 
assembly 420 a gr ater numb r of times. However, be- 
cause of the pres nc of half wave plates 436a and 
436b, the interl aver/deinterleaver of Figure 1 6a causes 



dispersion to optical signals. 

[0114] In one embodiment, the interleaver/deinter- 
leaver of Figure 1 8a does not include the low-order com- 
pensators 440 and 442 of th interleaver/deinterleaver 
5 of Figure 16a. The optical compensation of the low-or- 
der compensators can be provided by angle tuning bi- 
refringent assembly 420. The increase optical path 
length through material of the interleaver/deinterleaver 
can be provided by birefringent assembly 420 rather 
10 than by the low-order compensators. In an alternate em- 
bodiment, the interleaver/deinterleaver of Figure 18a 
can include low-order compensators 440 and 442 as de- 
scribed above with respect to Figure 16a. 
[0115] Figure 18b illustrates a top view of one em- 
15 bodiment of a double-pass folded interleaver/deinter- 
leaver that causes little or no dispersion. The interleav- 
er/deinterleaver of Figure 1 8b is the same as the Inter- ^ 
leaver/deinterleaverof Figure 18a except that the Inter- 
leaver/deinterleaver of Figure 1 8b does not include half 
20 wave plates 436a and 436b. The absence of half wave 
plates 436a and 436b allows the interleaver/deinterleav- 
er of Figure 18b to cause little or no dispersion. 
[01 16] Figure 1 9a illustrates representative transmis- 
sion, delay and dispersion characteristics for an inter- 
ns leaver/deinterleaver causing little or no dispersion for 
horizontally polarized optical signals passing in the for- 
ward direction. Lines 1200 and 1210 represent trans- 
mission (in dB) characteristics for horizontally and ver- 
tically polarized signals, respectively. In the graph of Fig- 
30 ure 19a, a pass band for horizontally polarized signals 
is centered around 0 GHz. Similarly, pass bands for ver- 
tically polarized signals is centered around -100 GHz 
and 100 GHz. Thus, the transmission characteristics of 
the interleaver are periodic with a free spectral range 
35 (FSR) of 100 GHz. Other FSRs can also'be supported. 
[0117] Lines 1220 and 1230 represent delay (in Pico 
seconds) of horizontally and vertically polarized optical 
signals, respectively, that pass through the interleaved 
de-interleaver. Lines 1240 and 1250 represent disper- 
se sion (in Pico seconds per nanometer) of horizontally and 
vertically polarized optical signals, respectively, that 
pass through the interleaver/deinterleaver. Note that 
dispersion is small at frequencies corresponding to the 
pass bands for the associated optical signals. 
[0118] Figure 19b illustrates representative transmis- 
sion, delay and dispersion characteristics for an inter- 
leaver/deinterleaver causing little or no dispersion for 
vertically polarized optical signals passing in the forward 
direction. Lines 1260 and 1265 represent transmission 
50 (jn dB) characteristics for horizontally and vertically po- 
larized signals, respectively. In the graph of Figure 19b, 
a pass band for vertically polarized signals is centered 
around 0 GHz. Similarly, a pass band for horizontally 
polarized signals is centered around -100 GHz and 100 
55 GHz. Thus, th transmission characteristics of the int r- 
leaver are periodic with a free sp ctral range (FSR) of 
100 GHz. Oth r FSRs can also be supported. 
[0119] Lines 1270 and 1275 represent delay (in Pico 
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seconds) of horizontally and vertically polarized optical 
signals, respectively, that pass through the interleaved 
de-interleaver. 

[0120] Lines 1280 and 1290 represent disp rsion (in 
Pico seconds per nanometer) of horizontally and verti- 
cally polarized optical signals, respectively, that pass 
through the interleaver/de inter! eaver. Note that disper- 
sion is small at frequencies corresponding to the pass- 
bands for the associated optical signals. 
[0121] Figure 20a illustrates representative transmis- 
sion, delay and dispersion characteristics for an inter- 
I aver/deinterleaver causing little or no dispersion for 
horizontally polarized optical signals passing in the 
backward direction. Lines 1300 and 1310 represent 
transmission (in dB) characteristics for horizontally and 
vertically polarized signals, respectively. In the graph of 
Figure 20a, a pass band for horizontally polarized sig- 
nals is centered around 0 GHz. Similarly, pass bands 
for vertically polarized signals is centered around -100 
GHz and 1 00 GHz. Thus, the transmission characteris- 
tics of the interleaver are periodic with a free spectral 
range (FSR) of 100 GHz. Other FSRs can also be sup- 
ported. 

[0122] Lines 1320 and 1330 represent delay (in Pico 
seconds) of horizontally and vertically polarized optical 
signals, respectively, that pass through the interleaver/ 
de-interleaver. Lines 1340 and 1350 represent disper- 
sion (in Pico seconds per nanometer) of horizontally and 
vertically polarized optical signals, respectively, that 
pass through the interleaver/deinterleaver. 
[0123] Note that dispersion is small at frequencies 
corresponding to the pass bands for the associated op- 
tical signals. Also note that the dispersion for the hori- 
zontally polarized input signal traveling in the backward 
direction is the inverse of the vertically polarized input 
signal traveling in the forward direction. Thus, the two 
dispersions cancel each other. 

[01 24] Figure 20b illustrates representative transmis- 
sion, delay and dispersion characteristics for an inter- 
leaver/deinterleaver causing little or no dispersion for 
vertically polarized optical signals passing in the forward 
direction. Lines 1360 and 1365 represent transmission 
(in dB) characteristics for horizontally and vertically po- 
larized signals, respectively. In the graph of Figure 20b, 
a pass band for vertically polarized signals is centered 
around 0 GHz. Similarly, a pass band for horizontally 
polarized;signals is centered around -1 00 GHz and 1 00 
GHz. Thus, the transmission characteristics of the inter- 
I aver are periodic with a free spectral range (FSR) of 
100 GHz. Other FSRs can also be supported. 
[0125] Lines 1370 and 1375 represent delay (in Pico 
seconds) of horizontally and vertically polarized optical 
signals, respectively, that pass through the interleaver/ 
d -interleaver. Lines 1380 and 1390 represent disper- 
sion (in Pico seconds per nanometer) of horizontally and 
vertically polarized optical signals, respectively, that 
pass through th interleaver/deinterleaver. 
[0126] Note that dispersion is small at frequencies 



corresponding to the pass bands for the associat d op- 
tical signals. Also note that the dispersion for the verti- 
cally polarized input signal traveling in the backward di- 
r ction is the inverse of the horizontally polarized input 
5 signal traveling in the forward direction. Thus, the two 
dispersions cancel each other. 

[0127] Figure 21 is a table summarizing one ap- 
proach to providing reduced or no dispersion in an op- 
tical interleaver/deinterleaver. Propagation direction re- 

10 fers to the direction through the birefringent assembly 
of the interleaver/deinterleaver. The forward direction 
corresponds to the first pass of the optical signal through 
the interleaver/deinter- leaver, which may be multiple 
passes through the birefringent assembly For example, 

*5 referring back to Figure 1 3, as the optical signal passes 
from fiber 404 to quarter wave mirror 472, the optical 
signal is traveling in the forward direction. When the op- 
tical signal is reflected by quarter wave mirror 472 and 
passes back to walk-off crystals 480 and 482, the optical 

20 signal is traveling in the backward direction. 

[0128] Input polarization refers to the polarization of 
optical signals as the optical signals pass from a walk- 
off crystal toward the half wave plates and birefringent 
assembly. For example, in Figure 13, the input polariza- 

25 tion in the forward direction refers to the polarization of 
the optical signals immediately before the optical signals 
pass through polarizer 405. Output polarization refers 
to the polarization of the optical signals as received by 
a walk-off crystal at the end of the first pass. For exam- 

30 pie, in Figure 13, output polarization in the forward di- 
rection refers to the polarization of the optical signals 
immediately before the optical signals pass through 
walk-off crystal 460. 

[0129] In the backward direction, the input and output 
35 polarizations are reversed. For example, in Figure 13, 
the input polarization in the backward direction refers to 
the polarization of the optical signals immediately after 
passing out of walk-off crystal 460. Output polarization 
in the backward direction refers to the polarization of the 
^0 optical signals immediately after passing through polar- 
izer 405. 

[0130] The dispersion slope refers to the dispersion 
caused by the pass through interleaver/deinterleaver for 
the appropriate passband, as described in greater detail 

^5 above with respect to Figures 19a, 19b, 20a and 20b. 
The ITU channel refers to the channels as defined by 
the International Telecommunications Union. Any chan- 
nels spacing, or FSR, can be used. 
[0131] For a double-pass interleaver/deinterleaver to 

so be dispersion free or nearly dispersion free, the input 
and output polarizations for the forward and backward 
direction should be equal. In other words, one input po- 
larization and one output polarization should be horizon- 
tal, and one input polarization and one output polariza- 

55 tion should be vertical. The ord ring of polarizations is 
not important. 

[0132] For example, assuming a horizontally polar- 
ized input signal in the forward direction both the even 
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and odd channels are horizontally polarized (H). At the 
output of the forward pass the even channels are hori- 
zontally polan/ed (H-H) and the odd channels are ver- 
tically polarized (H-V). 

[0133] In the backward direction the polarizations of 
the optica! signals are switched, as described above. 
Thus, the input polarization for the even channels is ver- 
tical (H-H-V) and the input polarization for the odd chan- 
nels is hon/ontal (H-V-H). The output polarization forthe 
even channels is vertical (H-H-V-V) and the output po- 
larization for the odd channels is also vertical (H-V-H- 
V). Other configurations can also be used. 
[0134] For mufti -pass interleaver/deinterleavers, a 
similar pattern is used so that the dispersion of the first 
2N passes cancel each other such that the dispersion 
small or non-cxistcn: For the final pass through the In- 
terleaver/dcintertcrtver some amount of dispersion is 
caused by the birefringence of the interleaver/delnter- 
leaver. However mo du>pcrsion can be reduced as com- 
pared to non-rtlte*nrt!»ny point i/rit ions. 
[0135] In the foregoing spco'ication. the invention 
has been described «nt* rcfccncc to specific embodi- 
ments thereof It will howvcf tc evioent that various 
modifications and ervmget c.o t>c made thereto without 
departing from the bro^ao* tpait *nd scope of the inven- 
tion. The specification *na ar,«t*,ngs ntc accordingly, to 
be regarded in an iiiustf*i*vc r^incf than a restrictive 
sense. 



Claims 

1. An interleaver/dcintcfVrfvc* apparatus comprising: 

a first port for inputting or outputting a first po- 
larized optical signal wnccn comprises a sec- 
ond optical sigrai with * first subset of channels 
and a third optical s»pna with a second subset 
of channels 

a second port for outputting or inputting the sec- 
ond optical signal 

a third port for outputtmq or inputting the third 
optical signal. 

a birefringent assomory optically coupled to the 
first, second ana tnifd pons whereby after a 
first pass through mo bird nngent assembly the 
second signal uxr.» the Uitefringcnt assembly 
with a polarization orthogonal to the polariza- 
tion of the third signal 

first beam splitting ccmtmmg means for sepa- 
rating the first signal mpu from the first port into 
the second signal and the third signal, or for 
combining the socono signal input from the sec- 
ond port with the third s»gna input from the third 
port into the first signal and 
first reflecting moan? for directing the second 
and third signals separately back through the 
birefringent assembly for a second pass along 



second and third paths, respectively, which are 
substantially parallel to a first path taken by the 
first signal, for output via the second and third 
ports, respectively, or for reflecting the second 
s and third signals, which traveled the second 

and third paths during a first pass, back togeth- 
er through the birefringent assembly for a sec- 
ond pass along the first path. 

10 2. The apparatus according to claim 1, further com- \ 
prising first beam rotating means between the bire- ■ 
fringent assembly and the first reflecting means for 
changing the polarization of the second and third 
signals, whereby the polarizations of the second 

15 and third signals entering the birefringent assembly 
for the second pass are orthogonal to the polariza- 
tions of the second and third signals, respectively, 
after the first pass. 

20 3. The apparatus according to claim 2, wherein the 
first beam-splitting means is a walk-off crystal; and 

wherein the first beam-rotating means is posi- 
tioned between the walk-off crystal and the first 

25 reflecting means; j 

whereby, when the first signal enters the walk- 
off crystal, the third signal gets walked off from 
the second signal, and the polarizations of both 
signals get rotated and directed back through 

30 the walk-off crystal, wherein the second and 

third signals diverge farther apart to meet the 
second and third paths, or whereby, when the 
second and third signals enter the walk-off crys- 
tal the second signal gets walked towards the 

35 third signal, and the polarizations of both sig- 

nals get rotated and directed back through the 
walk-off crystal, wherein the second and third 
signals converge together to meet the first path . 

40 4. The apparatus according to claim 1 , 2 or 3, further 
comprising second reflecting means for directing 
the second and third signals from the first reflecting 
means back through the birefringent assembly for 
a third pass for output via the second and th ird ports, 

45 respectively, or for reflecting the second and third 
signals from the second and third ports, respective- 
ly, through the birefringent assembly to the first re- 
flecting means. 

so s. The apparatus according to any one of claims 1 to 
4, wherein the birefringent assembly is comprised 
of two elements, a first element having an optical 
path length L, and a second element having an op- 
tical path length 2L; wherein the first element has a 

55 different azimuth angle than the second el ment, or 
wher inth first lement has substantially the same 
azimuth angl as th second element and the bire- 
fringent assembly further comprises second beam- !■ 
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rotating means positioned between the first and 
second elements at a predetermined azimuth angle 
different than the azimuth angle of the first and sec- 
ond elements 

5 

6. The apparatus according to any one of claims 1 to 
4, wherein the birefringent assembly comprises: 
one element having an optical.path length of L; and 
a plurality of reflectors for directing the optical sig- 
nals through the element at least three times. 10 

7. The apparatus according to claim 5 or 6, further 
comprising third beam rotating means for adjusting 
the polarizations of the first, second or third optical 
signals before entering into at least one of the ele- 15 
mcnis oi the birefringent assembly. 

8. The apparatus according to claim 7, wherein the 
tnird beam rotating means is selected from the 
yioupcunsiMmyof naif-wave plates, polarizers, far- 20 
aday rotators and tuning plates. 

9. The apparatus according to any one claims 5 to 8, 
wherem c ich bi'cfrmgcnt clement is comprised of 

at icae: two piatos and wherein at least two of the 25 
piatos arc compnsod of different materials to en- 
hance thermal slab»lity 

10. The apparatus accord ng to any one of claims 1 to 

5 further compr s»ng 30 

a lens at each port for collimating incoming sig- 
na s anoVor focusng outgoing signals; 
second ocam splitting/combining means at 
each Don fcr separating incoming signals into 35 
pars of polan/cd sub-beams, and/or for com- 
bining outgoing pairs of polarized sub-beams; 
and 

sub-beam rotating means for rotating one of 
each pair of sub-beams, whereby in each pair 40 
of incoming suo-bcams both sub-beams have 
parallel polarizations for entry into the first 
beam splitting/combining means and/or where- 
by the sub-beams in each pair of outgoing sub- 
beams are orthogonal for entry into the second 45 
beam splitting/combing means. 

11. The apparatus according to any one of claims 1 to 
10, wherein the first reflecting means comprises an 
etalon. so 
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